Introduction
============

Cardiovascular disease is closely related to the development of atherosclerosis with plaque formation on arterial walls.[@B1] The measurement of arterial wall thickness has been used as a surrogate of the extent, severity, and progression of atherosclerosis.[@B2] Carotid intima-media thickness (c-IMT) is a measure of anatomic disease and a significant predictor of acute coronary events associated with cardiovascular risk factors.[@B2][@B3] Moreover, the c-IMT is associated with car-diovascular disease risk factors and the degree of atherosclerosis.[@B3][@B4] These findings support that c-IMT measurement could be used as a surrogate marker of atherosclerosis.

For several decades, the retinal vasculature has been proposed as an easily and safely measured surrogate for coronary circulation.[@B5][@B6][@B7][@B8][@B9] Recently, the hemodynamic Doppler pattern in the ophthalmic artery (OA) has been proposed as a predictor for systemic atherosclerosis, including coronary atherosclerosis.[@B10]

The OA is the first major branch of the internal carotid artery, so changes of blood flow in the OA have provided insight into various vascular disorders, including carotid and coronary artery stenosis.[@B11] There is little information on the relationship between the Doppler flow of the OA and carotid and coronary atherosclerosis. The aim of the investigation was to assess the clinical usefulness of the Doppler flow of the OA for estimating the severity of carotid and coronary atherosclerosis.

Subjects and Methods
====================

Study population
----------------

The study was approved by the institutional review board of Daegu Catholic University Medical Center (Daegu, Korea). The study was a retrospective analysis of the findings in 140 patients who underwent coronary angiography (CA) to evaluate typical angina between July 2010 and October 2011 at our single center. A structured interview was performed and a clinical history was obtained in all patients before CA, including: 1) hypertension (blood pressure \>140/90 mm Hg or use of antihypertensive agents),[@B12] 2) diabetes (fasting glucose level \>126 mg/dL or the need for insulin or oral antidiabetes drugs),[@B13] 3) smoking (previously or currently), and 4) hyperlipidemia (low-density lipoprotein cholesterol \>130 mg/dL or use of statins).[@B14]

Coronary artery disease (CAD) was diagnosed by CA with projections in multiple views. CA was evaluated by experienced physicians from visual assessment, and the degree of coronary stenosis was determined. The extent and severity of coronary artery stenosis was based on the Gensini score (GS).[@B15] To obtain the GS, the coronary arterial tree was divided into 14 segments, and the degree of stenosis was evaluated in each segment. A score of 1 was given for 1-25% stenosis, 2 for 26-50% stenosis, 4 for 51-75% stenosis, 8 for 76-90% stenosis, 16 for 91-99% and 32 for total occlusion. The score of each segment was then multiplied by a weighting factor that represented the importance of a lesion in that segment. The weighting factor was 5 for a left main lesion; 2.5 for a proximal left anterior descending (LAD) or left circumflex (LCX) lesion; 1.5 for a mid-segment LAD or LCX lesion, 1 for a lesion in the distal LAD, LCX, first diagonal branch, first obtuse marginal branch, right coronary artery, posterior descending artery or septal artery; and 0.5 for a lesion in the second diagonal or obtuse marginal branches. The products in each of the 14 segments were then summed to obtain the final GS. In this study, significant CAD was defined as obstruction of above 75% of the major coronary arteries confirmed in CA. Patients were divided into two groups according to the significance of the CAD; the CAD group and the non-CAD group. Inclusion criteria were patients at least 35 years old presenting for an evaluation of typical angina. Exclusion criteria for the study were patients with 1) previous revascularization, 2) acute myocardial infarction, 3) atrial fibrillation and/or severe ventricular arrhythmia, 4) severe aortic valve regurgitation, severe aortic valve stenosis, and hypertrophic obstructive cardiomyopathy, 5) poor left ventricular contractility (ejection fraction \<30%), 6) \>50% stenosis in common or internal carotid artery and/or the presence of audible bruits in the orbital area, and 7) retinal detachment and uncontrolled glaucoma.[@B10]

Evaluation of the Doppler flow of the ophthalmic artery
-------------------------------------------------------

Doppler imaging of the OA was performed by the same operator, who had no knowledge of the clinical characteristics of patients.[@B16] To perform the ultrasound measurement of OA, an M3S-D transducer with frequency range of 1.5-4.0 MHz (Vivid 7, General Electric Medical Systems, Wallingford, CT, USA) was used for this study. After 10 minutes of rest in the supine position followed by a blood pressure measurement, a pad of sterile ophthalmic gel was applied to the closed eyelid, and the probe was positioned gently with minimal pressure. The OA was identified as a large caliber vessel adjacent to the optic nerve. The sample volume marker lay approximately 40-50 mm from the eyelid, and the blood flow velocity of the OA was assessed with pulsed Doppler. Pulsed Doppler spectral analysis of the OA allows the determination of peak systolic velocity (PSV), end-diastolic velocity (EDV), mean systolic velocity (MSV), mean diastolic velocity (MDV), and mean total velocity (MTV) ([Fig. 1](#F1){ref-type="fig"}). MSV, MDV and MTV were defined as the mean of the peak frequency envelope that outlines all the frequency peaks in systolic, diastolic, and all phases, respectively. The pulsatility index (PI) and resistive index (RI) are classical indices of vascular resistance.[@B17] PI and RI were calculated as follows: PI={(PSV-MDV)/MTV}, and RI={(PSV-EDV)/PSV}. To evaluate the hemodynamics of the OA, we calculated the ratio of MSV to MDV (MSV/MDV).

Carotid ultrasound
------------------

Carotid ultrasound examination was also performed in all patients. The c-IMT was defined as the greatest axial thickness in IMT at the carotid arteries. Carotid plaque was defined as a local thickening of the c-IMT of \>50% compared to the surrounding vessel wall, a c-IMT \>1.5 mm, or local thickening \>0.5 mm.[@B2]

Statistical analysis
--------------------

All statistical analyses were conducted using the Statistical Package for the Social Sciences (SPSS) package for Windows version 17.0 (SPSS Inc., Chicago, IL, USA). The levels of normally distributed continuous variables were expressed as mean±standard deviation. Differences in frequencies were analyzed using the chi-square test. Differences in continuous variables between two groups were examined using the independent t-test. Univariate linear relationships between key variables were tested using Pearson\'s correlation coefficient. Mutivariate linear regression analysis was used to evaluate independent factors for the c-IMT. The best cut-off for diagnosing carotid plaque and significant CAD was defined as that yielding the highest sensitivity and specificity in the receiver-operating characteristic (ROC) curve.[@B18] P\<0.05 was considered statistically significant.

Results
=======

Clinical, laboratory, angiographic and ultrasonographic characteristics
-----------------------------------------------------------------------

Baseline clinical and laboratory characteristics are shown in [Table 1](#T1){ref-type="table"}. The overall patient group consisted of 90 men (64.3%) and 50 women (35.7%) with a mean age of 60.4±9.9 years (median age: 60.5 years). The incidence of hypertension and diabetes were 43.6% and 32.1%, respectively. There were no differences of clinical and laboratory characteristics between the CAD group and the non-CAD group.

Quantitative coronary angiographic characteristics combined with the GS are shown in [Table 2](#T2){ref-type="table"}. The patients with significant CAD (\>75% stenosis) were 51 (36.4%). Among the 51 patients, one-vessel disease was about one-third (39.2%) and two-vessel disease was about two-thirds (60.8%) of the population. In this study, the patients with three-vessel disease or left main disease were excluded. Among the 140 patients, the sum of stenotic segments was 214. Among the 214 segments, 104 (48.6%) showed significant CAD. In the analysis of the GS, the mean value of the GS was 25.2.

Ultrasonographic characteristics are shown in [Table 3-1](#T3){ref-type="table"}. In the echocardiographic characteristics, the left ventricular ejection fraction (LV EF) tended to decrease more in the CAD group than in the non-CAD group. In the carotid ultrasound parameters, c-IMT and the incidence of carotid plaque were significantly higher in the CAD group than in the non-CAD group. In the Doppler flow of the OA, EDV and MDV were significantly lower in the CAD group than in the non-CAD group. MSV/MDV, PI, and RI were significantly higher in the CAD group than in the non-CAD group. Correlations between the Doppler flow of the OA are shown in [Table 3-2](#T4){ref-type="table"}. MSV/MDV showed a significantly positive correlation with RI and PI. However, MSV/MDV showed a significantly negative correlation with EDV and MDV.

Correlation between the carotid intima-media thickness and the clinical, laboratory, and ultrasonographic parameters
--------------------------------------------------------------------------------------------------------------------

The correlation between the c-IMT and clinical, laboratory, and ultrasonographic parameters is shown in [Table 4](#T5){ref-type="table"}. In the correlation between the c-IMT and clinical parameters, the c-IMT is significantly positively correlated with age, pulse rate, GS, and the presence of hypertension, diabetes, calcium channel blockers, significant CAD, and carotid plaque. In the correlation between the c-IMT and laboratory parameters, it was found that the c-IMT did not correlate significantly with laboratory parameters. In the correlation between the c-IMT and the echocardiographic parameters, the c-IMT was significantly positively correlated with E/E\'. In the correlation between the c-IMT and the Doppler flow of the OA, the c-IMT was significantly negatively correlated with EDV and MDV. However, the c-IMT was significantly positively correlated with MSV/MDV, PI, and RI ([Fig. 2A-C](#F2){ref-type="fig"}). The clinical and ultrasonographic parameters that correlated with the c-IMT, were entered into a multivariate logistic linear regression. Among several parameters, MSV/MDV, PI, and RI were identified as significant and independent factors of the c-IMT ([Table 4](#T5){ref-type="table"}).

Correlation between the Gensini score and the clinical, laboratory, and ultrasonographic parameters
---------------------------------------------------------------------------------------------------

Correlation between the GS and clinical, laboratory, and ultrasonographic parameters is shown in [Table 5](#T6){ref-type="table"}. In the correlation between the GS and clinical parameters, the GS was significantly positively correlated with c-IMT and the presence of hypertension, diabetes, significant CAD, and carotid plaque. The GS did not correlate significantly with laboratory parameters. The GS was significantly negatively correlated with LV EF. In the correlation between the GS and the Doppler flow of the OA, the GS was significantly negatively correlated with EDV and MDV. However, the GS was significantly positively correlated with MSV/MDV, PI, and RI. The clinical and ultrasonographic parameters that correlated with the GS, were entered into multivariate a logistic linear regression. Among several parameters, MSV/MDV and the presence of significant CAD were identified as significant and independent factors of the GS ([Table 5](#T6){ref-type="table"}).

Clinical value of mean systolic velocity/mean diastolic velocity as predictor for carotid plaque and significant coronary artery disease
----------------------------------------------------------------------------------------------------------------------------------------

In ROC curve, the optimal cut-off value of MSV/MDV for the prediction of carotid plaque was 2.1, with a relatively low sensitivity of 67.6% and specificity of 60.2. The optimal cut-off value of MSV/MDV for the prediction of significant CAD is 2.1, with a relatively low sensitivity of 64.7% and specificity of 67.4% ([Fig. 2D and E](#F2){ref-type="fig"}).

Discussion
==========

In our study, we demonstrated a close relationship between the Doppler flow of the OA, the c-IMT, and the GS. MSV/MDV, PI, and RI in the Doppler flow of the OA were significantly and independently correlated with c-IMT. Also, MSV/MDV significantly and independently correlated with the GS. Although there was low sensitivity and specificity in the prediction of significant CAD and carotid plaque, patients with MSV/MDV \>2.1 are 3.8-fold higher than the patients with MSV/MDV ≤2.1 for the prediction of CAD after adjustment for CAD-associated factors. Also, in the prediction of carotid plaque, the patients with MSV/MDV \>2.1 were 2.8-fold higher than the patients with MSV/MDV ≤2.1 after adjustment for CAD-associated factors. On the basis of these results, the patients with high MSV/MDV values may reflect the severity of coronary atherosclerosis, and carotid plaque.

A few studies have reported normal velocity values of the Doppler flow of the OA.[@B19] In the measurement of the OA, the transducer with ultrasound Doppler high frequency of higher than 7 MHz of ultrasound was generally used because the OA is a superficial artery. In transducers with ultrasounds higher than 7 MHz, normal velocity values of PSV have been reported as 31.4-39.6 cm/second, and normal velocity values of EDV were reported as 8.2-10.6 cm/second. In addition, the normal velocity value of RI was reported as 0.77.[@B19] Normal velocity values of MSV, MDV, MTV, and PI have not yet been reported. In our study, mean values of PSV and EDV were 19.5 cm/second and 5.3 cm/second, respectively. The mean value of RI was 0.72. There are several reasons for the difference between the mean value in PSV and EDV. First, the transducer used in our study was a cardiac probe with a low frequency range of 1.5-4.0 MHz, which was both a useful and simple way to take an OA measurement after the echocardiogram. Due to the difference of the transducer\'s frequency, the mean value of OA parameters in our study is lower than the mean value of OA parameters in previous studies.[@B19] Second, the mean age of our study (60 years) was 10 years older than mean age of previous studies (50 years).[@B19] The Doppler flow of the OA decreases with age. Therefore, the difference of mean age could affect the low mean value in the Doppler of the OA. However, RI, such as the ratio of OA parameters, was similar to a previous study.[@B19] On this basis, that ratios were consistent with previous studies, the MSV/MDV would be similar to previous studies.[@B19] Therefore, in our study, the MSD/MDV ratio was more important than the values of PSV, EDV, MSV, and MDV.

Risk factors for coronary atherosclerosis, such as age, hypertension, diabetes, cigarette smoking, hyperlipidemia, chronic kidney disease, and others, have been well established in both the literature and clinical practice as ways to identify and treat susceptible individuals.[@B20][@B21][@B22][@B23][@B24][@B25] However, there continues to be interest in finding methods and other markers that will allow us to further risk-stratify patients. Retinal vasculature imaging and the Doppler flow of the OA have been cited as potential other markers for this purpose. In several studies, the retinal vasculature has been proposed as an easily and safely measured surrogate for the coronary circulation.[@B5][@B6][@B7][@B8][@B9] However, the studies about the relationship between the Doppler flow of the OA and systemic atherosclerosis, including carotid and coronary atherosclerosis, are minimal and conclusions remain unclear.

The OA is the first major branch of the internal carotid artery, and it divides into many branches within the orbital area.[@B11] Doppler imaging of the OA was recently made possible by improvements in Doppler equipment. Changes in the Doppler flow readings of the OA have provided new insights into various vascular disorders, including ocular vascular disease, carotid artery stenosis, and metabolic disorders.[@B19] The technical reproducibility of OA Doppler imaging was well-established in the ophthalmological field with sufficient observer experience.[@B26][@B27] The OA is representative of the peripheral arteries and confers anatomical advantages for detecting the Doppler flow because of the absence of ultrasonic-positive obstacles such as bones and fat tissues, the good sonolucency of the eyeball, and the near-vertical angle of the OA to the transducer, which differs from the parallel-signaling of the carotid artery.[@B19] Hemodynamic Doppler flow of the OA may reflect peripheral vascular resistance and systemic atherosclerosis, with previous reports showing atherosclerotic changes in retinal arteries through Doppler imaging.[@B8][@B9] Also, the hemodynamic Doppler flow in the OA may reflect the severity of diabetes retinopathy.[@B28] Fukuda et al.[@B29] showed that the MSV/MDV in the Doppler flow of the OA is closely related with the age and severity of diabetic retinopathy. However, in patients without DM, studies about the relationship between the Doppler flow of the OA and the carotid and coronary atherosclerosis are few and the correlation remains unclear.

In carotid atherosclerosis, ultrasound evaluation of the carotid artery accurately diagnoses carotid artery stenosis. The c-IMT is well correlated with pathological measurements. And, the c-IMT is a potent predictor of myocardial infarction and stroke. For each 0.1 mm increase in common c-IMT, the risk of acute myocardial infarction increases by 11%.[@B3] The c-IMT is a feature of arterial wall aging that is not synonymous with subclinical atherosclerosis; however, it is related to it because the cellular and molecular alterations that underlie intima-media thickening have been implicated in the development, progression, or both, of atherosclerosis.[@B2] However, additional images may provide further information on the hemodynamics of the internal carotid artery, including the Doppler flow of the OA. The Doppler flow of the OA may reflect the hemodynamics of proximal carotid stenosis, the flow direction of the OA, and the possibility of a hemodynamically significant lesion distal to the bifurcation of the carotid artery.[@B11] Regarding the relation of the Doppler flow of the OA and carotid atherosclerosis, studies of carotid artery stenosis have shown a decrease in blood flow velocities in the central retinal artery, the OA, or both, when the stenosis was greater than 70% although the sensitivity was low and reverse flow occurred in 92% of occlusions, but only in 47% of severe stenosis cases, as we observed.[@B30] Furthermore, high levels of RI in the Doppler flow of the OA seem to reflect diminished arterial compliance caused by systemic atherosclerosis.[@B14] The results of these studies confirm the need for careful examination of the carotid artery in cases of low velocities found in the OA Doppler flow. Conversely, measurement of the OA Doppler flow in carotid artery stenosis could be valuable in evaluating the distal consequences of such stenosis and in relating chronic ischemic ocular syndrome to the presence of a severe carotid artery stenosis.[@B19] In our study, MSV/MDV, RI, and PI offered useful predictions for carotid atherosclerosis, and MSV/MDV was a useful predictor for carotid plaque.

Regarding the relation of the Doppler flow of the OA to coronary atherosclerosis, atherosclerotic changes in retinal arteries are potential markers of systemic cardiovascular disease.[@B8][@B9] Recently, Maruyoshi et al.[@B10] reported that high MSV/MDV levels on the Doppler flow of the OA could reflect the presence of CAD, defined as coronary artery stenosis greater than 75%, and, were a potentially useful parameter for CAD screening. In our study, high values of MSV/MDV may reflect the coronary atherosclerosis severity, and might be associated with significant CAD.

There are several limitations to this study. First, the number of subjects was limited due to the retrospective nature of the study, and because it took place in a single center. Although our patient population was homogeneous, it represents a small percentage of the patients with CAD. In addition, our study was cross-sectional, and therefore, the clinical usefulness of our findings is relatively limited. Second, normal reference values in the Doppler flow of the OA are not yet known. The OA includes the extra-cranial artery; however, the carotid and coronary arteries are include the intra-cranial artery. The lack of a normal reference value and the effect due to the different anatomical location should be verified by further investigation. Third, this study did not include medical interventions. Fourth, this study did not include the vascular changes of the retina. Retinal arterial changes are associated with systemic atherosclerosis. In particular, hypertensive and diabetic retinopathy are closely linked to systemic atherosclerosis. The relationship between the vascular changes on the retina and the Doppler flow of the OA should be verified by further investigation. A more reproducible technique and large-scale studies with normal reference value are required to increase the clinical applicability of the Doppler flow of the OA for the prediction of carotid and coronary atherosclerosis.

In conclusion, the Doppler flow of the OA might reflect the severity of carotid and coronary atherosclerosis. In particular, high values of the MSV/MDV might reflect the severity of systemic atherosclerosis with the carotid and coronary atherosclerosis. In addition, high values of the MSV/MDV might be associated with carotid plaque and significant CAD. On the basis of this result, the Doppler flow of the OA might be useful to evaluate CAD and systemic atherosclerosis. Nevertheless, before its clinical utilization, further studies are required to corroborate its value.
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![The pulsed Doppler flow of the ophthalmic artery (OA). Color Doppler sonogram in the OA (A) and the corresponding spectral Doppler flow waveforms for the OA (B).](kcj-44-406-g001){#F1}

![Correlation between the carotid intima-media thickness (c-IMT) and the Doppler flow of the ophthalmic artery. Mean systolic velocity/mean diastolic velocity (MSV/MDV), pulsatility index (PI), and resistive index (RI) were significantly correlated with the c-IMT (A-C). The optimal cut-off value of MSV/MDV for the prediction of carotid plaque (D) and significant coronary artery disease (CAD) defined as coronary artery stenosis greater than 75% (E). AUC: area under the curve.](kcj-44-406-g002){#F2}

###### 

Clinical and laboratory characteristics

![](kcj-44-406-i001)

BMI: body mass index, ACEI: angiotensin converting enzyme inhibitor, ARB: angiotensin receptor blocker, CCB: calcium channel blocker, SBP: systolic blood pressure, DBP: diastolic blood pressure, PR: pulse rate, eGFR: estimated glomerular filtration rate, HDL-C: high density lipoprotein-cholesterol, LDL-C: low density lipoprotein-cholesterol, hs-CRP: high-sensitivity C-reactive protein

###### 

Gensini score and quantitative coronary angiographic analysis

![](kcj-44-406-i002)

CAD: coronary artery disease, LM: left main coronary artery, LAD: left anterior descending coronary artery, LCX: left circumflex coronary artery, RCA: right coronary artery, OM: obtuse marginal coronary artery

###### 

Ultrasonographic characteristics

![](kcj-44-406-i003)

CAD: coronary artery disease, LV: left ventricular, EF: ejection fraction, c-IMT: carotid intima-media thickness, PSV: peak systolic velocity, MSV: mean systolic velocity, EDV: end-diastolic volume, MDV: mean diastolic velocity, MTV: mean total velocity, PI: pulsatility index, RI: resistive index

###### 

Pearson\'s correlation coefficients for the relationship among parameters in ophthalmic artery Doppler

![](kcj-44-406-i004)

^\*^p\<0.05, ^†^p\<0.01. PSV: peak systolic velocity, MSV: mean systolic velocity, EDV: end-diastolic velocity, MDV: mean diastolic velocity, MTV: mean total velocity, PI: pulsatility index, RI: resistive index
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Univariate and multivariate linear regression for the c-IMT

![](kcj-44-406-i005)

c-IMT: carotid intima-media thickness, PR: pulse rate, CCB: calcium channel blocker, CAD: coronary artery disease, EDV: end-diastolic velocity, MDV: mean diastolic velocity, PI: pulsatility index, RI: resistive index, MSV: mean systolic velocity

###### 

Univariate and multivariate linear regression for the Gensini score

![](kcj-44-406-i006)

PR: pulse rate, CCB: calcium channel blocker, CAD: coronary artery disease, c-IMT: carotid intima-media thickness, LV EF: left ventricular ejection fraction, EDV: end-diastolic velocity, MDV: mean diastolic velocity, PI: pulsatility index, RI: resistive index, MSV: mean systolic velocity
